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INTRODUCTION 

H l s t o r l c a l l y  t h e  successful  c a t a l y s t s  f o r  methanol syn thes ls  f rom , 
synthes ls  gas have always u t l l l z e d  zlnc oxlde. The a d d l t l o n  o f  chromla, , I  

Cr2O3, o r  alumlna, A1203 t o  t h e  z lnc  oxlde based c a t a l y s t s  were found 
t o  be b e n e f i c i a l  as supports f o r  extendlng c a t a l y s t  l l f e  and as promoters t o  
enhance the  c a t a l y t i c  a c t l v l t y  f o r  syn thes ls  o f  methanol. These c a t a l y s t s  
operate a t  h l g h  pressures (>200 atm) and temperatures (573-623 K ) ,  however. 
The a d d l t l o n  o f  copper ox lde  t o  these c a t a l y s t s  resu l ted  I n  much h lgher  
methanol syn thes ls  a c t l v l t y  a t  lower pressures ( 7 5  atm) and temperatures (523 
K )  than observed w l t h  the  pure  components on l y ,  o r  w l t h  t h e  ZnO/Cr2Og and 
ZuO/A1203 c a t a l y s t s .  (1.2).  I n  a d d l t l o n ,  t h e  method o f  p repara t l on  o f  
copper c a t a l y s t s  was found t o  be an extremely Impor tan t  f a c t o r ( 3 ) .  

I 

I These observa t ions  Imp l l ed  t h a t  t h e  f l n a l  s t a t e  o f  copper I n  the  mlxed 
Cu/ZnO/M 03 c a t a l y s t s  c r l t l c a l l y  determined t h e l r  h lgh  a c t l v l t y  and 
s e l e c t l v f t y  f o r  the  p roduc t i on  o f  methanol. The present work was undertaken t o  
determine t h e  chemlsorp t lon  p r o p e r t i e s  of CO, C02. 02 and H2 f o r  a se r ies  
o f  b l n a r y  copper-z lnc oxlde methanol syn thes ls  c a t a l y s t s  and thereby c l a r i f y  

I d e n t l f y l n g  t h e  na tu re  o f  t h e  r e a c t l v e  centers  I n  methanol synthesls ca ta l ys ts  
based on copper. 

t he  reason f o r  t he  observed mutual promot lon e f f e c t  between Cu and ZnO by I 

EXPERIMENTAL 

The Cu/AnO = 0/100-100/0 c a t a l y s t s  were cop rec lp l t a ted  from n i t r a t e  
SOlUtlOn by Na2C03, ca l c lned  and reduced w l t h  H2/N2 = 2/98 vo l  
accordlng t o  a procedure p rev lous l y  descr lbed I n  d e t a l l  (3 ,4 ) .  The adsorp t lon  
experlments were conducted I n  a g lass  h lgh  vacuum vo lumet r lc  adsorp t lon  
apparatus w l t h  a s t a t i o n a r y  background vacuum o f  
reduced on t h e  adso rp t l on  system w l thou t  exposure t o  a i r .  

approxlmately 16 kPa. 
fo l l ows :  
evacuate the  sample f o r  10 mlnutes then run  a second Isotherm, and (3 )  t h l s  
second Iso therm corresponds t o  the  weakly adsorbed gas and the  d i f f e r e n c e  
between t h e  f l r s t  and second Isotherms I s  t h e  s t r o n g l y  adsorbed gas. Oxygen 
chemlsorpt lon experlments were conducted a t  78 K accord lng  t o  t h e  procedure of 
Zettlemoyer e t  a1 ( 6 ) .  Sur face  area measurements were made us lng  t h e  BET 
method wt th  argon as adsorbate.  

I 

Pa. The c a t a l y s t s  were 

The CO and H2 Iso therms were measured a t  293 K up t o  a f l n a l  pressure o f  
The weak and s t rong capac l t l es  were determlned as 

(1 )  run  an adso rp t l on  Iso therm on a reduced and a c t i v a t e d  sample, (2)  
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Carbon d iox ide  Isotherms were s tud ied  a t  523 K and 293 K on pure ZnO and 
on the  Cu/ZnO = 30/70 c a t a l y s t  sample. For ana lys i s  o f  t he  gas phase 
composi t ion I n  mixed gas CO/COz redox s tud ies  a Var lan  VGA-100 quadrapole gas 
ana lyzer  was i n s t a l l e d  on t h e  chemisorpt ion apparatus.  The f u l l  d e t a i l s  o f  
these experiments a re  repor ted  elsewhere (5 ) .  

RESULTS AND DISCUSSION 

CO. 03 and H3 ChemisorDtion 
The t o t a l  CO capac i t i es  p l o t t e d  I n  F lgure  1 a re  seen t o  lnc rease w i t h  

Inc reas ing  copper conten t  i n  t h e  b ina ry  Cu/ZnO c a t a l y s t s ,  w i t h  maximum coverage 
ob ta ined f o r  pure copper. 
a t  293 K. the  sa tura ted  coverage obtalned f o r  C O  on copper i s  8 = 0.15-0.18 
us ing  t h e  range o f  s i t e  d e n s i t i e s  est imated f o r  copper surfaces. The s t rong  C O  
f r a c t i o n  however, shows a double humped fea tu re  w i t h  broad maxima a t  t h e  Cu/ZnO 
= 30/70 and 67/33 compositions. I n  F igu re  2 I s  shown a comparison between the  
weak CO and I r r e v e r s i b l e  02 chemisorpt ion data.  
f l g u r e  t h a t  weak CO capac i t i es  show good l i n e a r i t y  w i t h  I r r e v e r s i b l e  02 
adsorp t ion ,  has zero i n t e r c e p t  and c o r r e c t l y  p r e d i c t s  t h e  observed CO capac i t y  
on pure copper. 

The ser les  o f  b ina ry  Cu/ZnO c a t a l y s t s  s tud led  here may be d i v i d e d  i n t o  two 
groups, Cu/ZnO = 0/100-30/70 and 40/60-67/33 composi t ions,  which are  
d i s t i n g u i s h a b l e  by t h e i r  c r y s t a l l i t e  s izes  and morphological  c o n s t i t u t i o n s  a s  
repor ted  e a r l i e r  ( 7 ) .  A l s o ,  a subs tan t i a l  p o r t i o n  o f  copper was found t o  be 
X-ray amorphous ( 8 )  and scanning t ransmiss ion  e l e c t r o n  rnlcroscopy analyses 
showed t h l s  amorphous copper t o  be i n  t h e  ZnO phase ( 7 ) .  I n  an a t tempt  t o  
c o r r e l a t e  the  chemisorpt ion behavior determined here, w l t h  the  m ic ros t ruc tu re  
and d i s t r i b u t i o n  o f  elements repor ted  e a r l i e r  i n  the  c a t a l y s t  p a r t i c l e s ,  f o u r  
models a re  proposed below t o  descr ibe  the  adsorp t lon  behavlor o f  oxygen and 

Whi le no adso rp t l on  o f  CO was observed on pure  ZnO 

I t  can be seen from t h e  

carbon monoxide. They a re  as fo l l ows :  

Model I 

Model I 1  

I r r e v e r s l b l e  02 and weak and s t rong  C O  adsorp t lon  occurs on 
copper c r y s t a l l l t e s  on l y .  

I r r e v e r s i b l e  02 and weak CO a r e  adsorbed on copper 
c r y s t a l l l t e s ;  s t rong  CO adsorbs on s o l u t e  copper. 

Model I 1 1  I r r e v e r s i b l e  02 i s  adsorbed on copper c r y s t a l l i t e s  and s o l u  
copper. Weak and s t rong  CO a r e  on copper c r y s t a l l i t e s .  

e 

Model I V  I r r e v e r s i b l e  02 I s  adsorbed on copper c r y s t a l l l t e s  and s o l u t e  
copper. Weak CO on copper c r y s t a l l i t e s .  s t rong  C O  on s o l u t e  
copper. 

I t  i s  apparent f rom F lgure  2 t h a t  t h e  s i t e s  f o r  weak CO and i r r e v e r s i b l e  
O2 are  the  same and can r e a d i l y  be a t t r i b u t e d  t o  the  c r y s t a l l l n e  copper 
phase. Fur ther .  t he  s t rong CO capac i t i es  cannot be c o r r e l a t e d  d l r e c t l y  w l t h  
I r r e v e r s i b l e  O2 capac i t l es  and Models I .  111 and I V  a re  t h e r e f o r e  d iscarded.  
On t h i s  basis.  us ing  the  s p e c i f i c  adsorp t lon  o f  02 on pure copper as w e l l  as 
t h e  measured t o t a l  surface areas t h e  copper and zinc ox ide  sur face  areas In t h e  
composite c a t a l y s t s  were determined and the  r e s u l t s  a re  shown i n  Table 1. 
methanol synthesis a c t i v i t y  does no t  c o r r e l a t e  w l t h  e i t h e r  t h e  ZnO o r  Cu 
sur face  areas i n  t h e  i n d l v l d u a l  c a t a l y s t s .  

The 
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w i t h  the  z inc  ox lde  surface areas a v a l l a b l e  a t e s t  can be made o f  t h e  i 
dependence o f  s t rong  C O  capac l t l es  on t h e  sur face  concent ra t lon  o f  s o l u t e  
copper assuming t h e  sur face  concent ra t lon  t o  be p ropor t l ona l  t o  the  bu lk  
concent ra t lon  repor ted  by Bulko e t  a1 ( E ) .  The p l o t  o f  sur face  coverage by 
s t rong  CO aga ins t  t h e  concent ra t ion  o f  copper s o l u t e  shown I n  F igure  3 has a 
l l n e a r  p o r t l o n  f o r  each morphology. 
molecules t l t r a t e  t h e  sur face  copper so lu te  s i t e s ,  then t h e  basal  (0001) ZnO 

planes, which predomlnate I n  the  composi t ional  ranges Cu/ZnO = 40/60-67/33 and 
0/100-30/70 r e s p e c t l v e l y .  Since the  basal  p lane o f  ZnO I s  f o rma l l y  
e l e c t r o s t a t i c a l l y  charged w h l l e  t h e  p r l sm p lane l s  not ,  i t s  h lgher  accomodatlon 
o f  copper I s  c o n s l s t e n t  w i t h  the  Idea t h a t  t he  so lu te  copper species a re  a l s o  
charged. These s o l u t e  copper s l t e s  a re  the re fo re  consldered t o  be t h e  a c t i v e  
centers f o r  s t rong  carbon monoxide adso rp t l on  and the  adsorp t lon  
c h a r a c t e r l s t l c s  o f  C O  and 02 are  adequately descr lbed by Model 11. 

The amounts o f  weakly adsorbed hydrogen I s  p ropor t l ona l  t o  t h a t  o f  
I r r e v e r s i b l y  adsorbed 02 bu t  t he  r e l a t j o n s h i p  i s  no t  l l n e a r .  Fur ther ,  t h e  
weak H2 c a p a c i t i e s  l l e  above the  capac l t l es  p red ic ted  by pure  copper metal  
and cannot be accounted f o r  by t o t a l  H2 coverage on m e t a l l l c  copper surface. 
Wlthout f u r t h e r  evidence the re fo re ,  adsorp t ion  o f  H2 on copper s o l u t e  s i t e s  
on the  ZnO phase, c rea ted  by the  Cu-ZnO i n t e r a c t i o n s ,  cannot be excluded. 

Redox Behavior w i t h  CO/CO:, H l x tu res  

and are o f  p a r t l c u l a r  i n t e r e s t  f o r  t h e  Cu/ZnO = 30/70 c a t a l y s t  s lnce  It i s  the 
most a c t l v e  one and was used by Cha t l kavan l j  ( 9 )  I n  CO2 k l n e t l c  s tud ies .  

The C02 isotherms a t  523K on a f r e s h l y  reduced (2% H2 i n  N2) show 
t h a t  there  I s  a very  s t rong l n t e r a c t l o n  o f  t h l s  gas w i t h  t h e  Cu/ZnO = 30/70 
c a t a l y s t ,  t h l s  l n t e r a c t l o n  being s t ronger  b u t  apparent ly  l e s s  ex tens lve  than 
w l t h  pure ZnO. No carbon monoxide was found i n  the  gas phase when pure C02 
was added. 
however, a b u l l d  up of  C02 I n  the  gas phase was detected. 
dependence of t h e  p a r t i a l  pressure o f  desorbed C02 I s  shown I n  F lgure  4 f o r  
pure ZnO as w e l l  as Cu/ZnO = 30/70 samples. 
i n  the  samples o f  F igu re  4 and the  ZnO areas used I n  a l l  samples were s l m l l a r .  
Also,  a d d i t i o n  o f  C02 t o  CO-reduced then outgassed samples gave C O  I n  the  gas 
phase. and as F lgu re  5 shows, t r r e s p e c t l v e  o f  whether o r  n o t  C02 \ s  I n l t l a l l y  
present on t h e  surface, t he  amount o f  C02 desorbed upon CO a d d i t i o n  depends 
on ly  upon t h e  mole f r a c t l o n  o f  CO i n  the  gas phase. 

Kofstad (12)  by t h e  equat lon  

Therefore, I f  the  s t rong ly  bound CO 

planes tend t o  accomodate more s o l u t e  copper atoms than t h e  p r l sm (1010) ) 

, 

I 

The s tud ies  on the  redox behavior o f  t h e  Cu/ZnO c a t a l y s t s  were done on, 

Upon a d d l t l o n  o f  C O  a t  523 K t o  a f r e s h l y  reduced c a t a l y s t ,  
The t ime 

There was no preexposure t o  C02 

4 

1 The redox e q u l l l b r l u m  can be represented us ing  t h e  de fec t  n o t a t l o n  o f  

where the  s u b s c r i p t  g denotes gas phase 0, I s  a l a t t l c e  oxygen anion and Vo 
I s  a l a t t i c e  oxygen an lon  vacancy. 
t h e  c a t a l y s t  su r face  are  g lven by equat lons (2 )  and ( 3 )  

Adsorpt lon e q u l l i b r l u m  f o r  CO and C02 on 
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whe’re subsc r lp t  s denotes surface. 

e q u i l l b r l a  data shown I n  F igure  5. 
Using equations (1 ) - (3 )  a model equat ion  was developed ( 5 )  f o r  t h e  redox 

It was es t lmated from f i t t i n g  t h e  data t h a t  

\ KC 0 
- =. 1.3 
K C 0 2  

and 
\ 

K g  = 40 

The value obtalned f o r  K g  i s  n e i t h e r  t h a t  f o r  t h e  redox e q u i l i b r i u m  o f  pure  ZnO 
nor pure C u 2 0 .  
i n te rmed ia te  composl t lon such as might be r e a l i z e d  f rom a d l s o l u t l o n  o f  copper 
i n  z lnc oxlde as proposed e a r l i e r  (4 ) .  K l l e r  e t  a1 ( l o ) ,  I n  a q u a n t i t a t i v e  
study o f  t he  k l n e t i c s  o f  methanol synthesis f o r  t he  Cu/ZnO = 30/70 c a t a l y s t  I n  
the  presence o f  C O 2 ,  repor ted  th ree  sets o f  constants w l t h  whlch bes t  f i t s  
were obtalned f o r  t h ree  cases l n v o l v l n g  compe t l t l ve  adso rp t l on  schemes o f  CO. 
C O 2  and H2. 
cons is ten t  w l t h  the  values they r e p o r t  f o r  t h e  scheme whereln C 0 2  competes 
w i t h  both CO and H2, bu t  CO and H2 a re  adsorbed on d i f f e r e n t  s i t e s .  

whereas Bulko e t  a1 (8 )  measured up t o  16.8%. Since I t  was e a r l i e r  concluded 
t h a t  t he  copper so lu te  species i s  a charged e n t i t y  i t  appears subs tan t l a ted  
t h a t  t he  so lu te  copper species e x l s t  as copper ( I )  I n  z lnc ox ide .  

This r e s u l t  po ln ts  t o  t h e  presence o f  a compound o f  5 

The values given above f o r  K g  and K c o / ~ C O ~  a r e  

The s o l u b l l i t y  l l m l t  o f  copper (11) ox lde  i n  z lnc  ox lde  I s  4-6% (11,12) 

C O N C L U S I O N S  

The f o l l o w i n g  Impor tan t  concluslons emerge from t h l s  work: 
. 1.  

and r e a d l l y  a t t r i b u t a b l e  t o  t h e  c r y s t a l l i n e  copper phase. 
2 .  The methanol syn thes ls  a c t l v l t y  does no t  c o r r e l a t e  w i t h  e i t h e r  t h e  

ZnO o r  C u  surface areas i n  the  cornposlte c a t a l y s t s .  

s i t e s  whlch a re  p r e f e r e n t i a l l y  accommodated on t h e  e l e c t r o s t a t l c a l l y  charged 
basal  p lane o f  ZnO. 

CO/C02 mix tures  a t  523 K w i t h  an e q u l l l b r i u m  constant t h a t  i s  d i f f e r e n t  f rom 
those f o r  pure ZnO o r  C u 2 0 .  

probably the  r e a c t l v e  centers  I n  methanol syn thes is  f rom synthes ls  gas. 

The s i t e s  f o r  weak CO and l r r e v e r s l b l e  02 adsorp t l on  a r e  t h e  same 

\ 3. Strong CO chemlsorpt lon I s  assoc ia ted  w i t h  t h e  sur face  copper s o l u t e  

4. The ZnO phase i n  the  cornposlte c a t a l y s t  undergoes redox e q u i l l b r l a  I n  

5 .  The so lu te  copper species e x l s t  as copper (I) i n  z inc ox ide  and are  

\ 
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A D S O R P T I O N  OF CARBON MONOXIDE 

O N  Cu/ZnO C A T A L Y S T S  

- T O T A L  

/ 
IRREVE R S l B L  E M 
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Cu t Z n  
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F l  Ure 1 .  
T n i e r r l b l e  adsorpt lon  ( l r r e v e r i l b l e )  on t h e  cu/znO r a t l o  t n  the b lndry  
copper -z lnc  o r l d e  Catd lyStS .  

The dependence of t h e  cdrbon monoxlde s d t u r d t l o n  adsorv t lon  ( t o t a l )  1 
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4 

u) 
0 CHEMISORPTION ON C u / Z n O  CATALYSTS 

REVERSIBLE CO VS IRREVERSIBLE 02 

02 I IRREVERSIELEI M O L E S l M '  CATALYST i I O 6  

F I w r e  2. 
monoxlde and l r r e v e r s l b l y  chemlsorbed Oxygen l n d l c a t l n g  thd t  t he re  two 
adsorbates a r e  a measure o f  copper meta l  sur face area. 

The r e l a t l o n  between the  amounts of weakly chemlsorbed carbon 

3 
T I T R A T I O N  OF Cu SOLUTE SITES B Y  CO 

CONCENTRATION OF Cu SOLUTE SITES ON ZnO SURFACE, 

G-ATOM PER GRAM OF CATALYST ( ~ 1 0 5 )  

F lqu re  3 .  
m n o a l d e  on t he  concen t ra t l on  of amorphous copper found by . l - rdy  d l f f r a c t l o n  
dnd by STEM. 
10190. 20/00. and 30110 c a t a l y s t s  dnd t h e  (0001) basal  p lanes of Zno are  
exposed I n  the  Cu/ZnO Ij W b O .  50/50. and b 1 / 3 3  c a t a l y s t s .  

The dependence of t he  amount of  I r r e v e r r l b l y  ChernIrorbed carbon 

The (1010) p r l sm p lanes of ZInc ox lde a re  exposed I n  t he  Cu l l no  

/ 
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F l  u r e  4 .  The t lmc dependence of CO p a r t i a l  p ressure  over ZnO and Cu/lnO 
ca?a lys ts  a f t e r  CO 1 s  adml t ted  t o  c a t a l y s t  Prereduced I n  Hz/N2 L 2/98 "01. 
X a t  52313. 
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FlQUre 5 .  
CO2 desorbed from the  c a t a l y s t  sur face  less  t h e  i n l t l a l  amount o f  CO 
adsorbed p r i o r  t o  the  a d d l t i o n  of CO. on the  mole f r a r t l o n  of  CO I n  :he gas 
phase. 

The dependence of Q ~ , , ~ .  de f lned  as the  Cumulative amount o f  

I 
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